Background:
Introduction
Insul in resistance is a fundamental aspect of the etiology of type 2 diabetes. 1, 2 When insulin action starts to decline, increased insulin secretion of β cells compensates to decrease hyperglycemia. However, a failure to do so eventually results in manifestation of the disease. 3, 4 Obesity is an increasing worldwide problem that strongly determines insulin resistance. It is well known that the amount of adipose tissue, as well as its distribution, is of special importance in the pathogenesis of insulin resistance and type 2 diabetes. Visceral adipose tissue is metabolically highly active 5 and its major role in the pathogenesis of insulin resistance is unchallenged. In addition, lipids in ectopic tissues such as liver and skeletal muscle are of increasing interest. It has been shown that liver fat is elevated in insulin-resistant subjects [6] [7] [8] [9] [10] [11] and, furthermore, is strongly correlated with the amount of visceral fat in a prediabetic population. 11, 12 In addition, high intramyocellular fat was found to be a marker of insulin resistance. [13] [14] [15] [16] [17] Thus, determination of fat in the visceral depot and in the ectopic tissues liver and muscle may help to early identify subjects who are relatively lean, but are insulin resistant and have a high risk of type 2 diabetes. Magnetic resonance (MR) tomography and proton MR spectroscopy allow noninvasive quantification of these fat depots.
This study specifically addressed the following question: which of the fat depots and ectopic fat in liver and skeletal muscle are among the strongest determinants of insulin sensitivity in healthy humans who are at high risk to develop type 2 diabetes?
Materials and Methods

Subjects
We analyzed data from a total of 220 Caucasians from the southern part of Germany who participated in an ongoing study to investigate the pathophysiology of type 2 diabetes. 18, 19 Individuals were included in the study when they fulfilled at least one of the following criteria: a family history of type 2 diabetes, a body mass index (BMI) >27 kg/m 2 , previous diagnosis of impaired glucose tolerance, or gestational diabetes. The participants did not take any medication known to affect glucose tolerance or insulin sensitivity. None of the participants regularly consumed alcohol. They were considered healthy according to a physical examination and routine laboratory tests. Informed written consent was obtained from all participants and the local medical ethics committee approved the protocol.
Body Composition and Body Fat Distribution
Total body fat was measured by bioelectrical impedance (RJL, Detroit, MI). In brief, electrodes were attached to various parts of the body and a small electric signal was circulated. With this method the impedance or resistance to the signal was measured as it traveled through the water found in muscle and fat. The more fat a person has, the more resistance to the current exists.
Determination of visceral fat and subcutaneous abdominal fat was performed by an axial T1-weighted fast spin echo technique as described previously using a 1.5-tesla whole body imager (Magnetom Sonata, Siemens Medical Solutions, Germany). 20 
H Magnetic Resonance Spectroscopy
Liver fat and intramyocellular fat of the tibialis anterior muscle were determined by 1 H magnetic resonance spectroscopy as described previously.
19
Oral Glucose Tolerance Test
All individuals underwent a 75-gram oral glucose tolerance test (OGTT), and venous plasma samples were obtained at 0, 30, 60, 90, and 120 minutes for determination of plasma glucose and insulin. Glucose tolerance was determined according to 1997 World Health Organization diagnostic criteria. 21 Insulin sensitivity was calculated from glucose and insulin values during the OGTT as proposed by Matsuda and DeFronzo (10,000 /√(mean insulin × mean glucose) × (fasting insulin × fasting glucose).
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Euglycemic Hyperinsulinemic Clamp
Insulin sensitivity was determined in 157 subjects as described previously. 18, 19 In brief, subjects received a primed insulin infusion at a rate of 40 mU·m 
Analytical Procedures
Blood glucose was determined using a bedside glucose analyser (glucose-oxidase method; Yellow Springs Instruments, Yellow Springs, CO). For measurements of insulin, blood was placed on ice after drawing, t ransferred to t he laborator y im mediately, and subsequently analyzed. Plasma insulin was determined by a microparticle enzyme immunoassay (Abbott Laboratories, Tokyo, Japan).
Statistical Analyses
Data are given as mean ± SE. Data that were not distributed normally (Shapiro-Wilk W test) were transformed logarithmically. In multivariate regression models the dependent variables were adjusted for age, gender, and percentage of total body and for some analyses additionally for visceral fat. A p value <0.05 was considered statistically significant. The statistical software package JMP 4.0 (SAS Institute Inc., Cary, NC) was used.
Results
Demographics, Anthropometrics, and Metabolic Characteristics of Study Subjects
Anthropometrics and metabolic characteristics of the subjects (shown in Table 1 ) covered a wide range that was particularly large for body fat distribution and ectopic fat in liver and skeletal muscle. Total body fat measured by bioimpedance displayed the following correlations with the other measurement of adiposity: waist circumference: r = 0.66, p < 0.0001; subcutaneous abdominal fat: r = 0.81, p < 0.0001; visceral fat: r = 0.47, p < 0.0001; intramyocellular fat: r = 0.09, p = 0.18; liver fat: r = 0.33, p < 0.0001.
Relationships of Insulin Sensitivity with Demographics and Body Fat Depots
Insulin sensitivity estimated from the OGTT was not significantly associated with gender and age. In contrast, insulin sensitivity correlated negatively with waist circumference (r = -0.46, p < 0.0001), total body fat, visceral fat, and subcutaneous abdominal fat in univariate analyses (Figures 1A-1C) . When insulin sensitivity was measured by a clamp in 157 subjects, similar relationships were found (waist; r = -0.48, p < 0.0001 and Figures 1D-1F) .
Relationships of Insulin Sensitivity with Ectopic Fat in Liver and Skeletal Muscle
We further tested whether insulin sensitivity correlated with ectopic fat deposition in muscle and liver fat both measured by 1 H magnetic resonance spectroscopy. Insulin sensitivity correlated negatively with liver fat and positively with intramyocellular fat of the tibialis anterior muscle (Figures 2A and 2B) . Insulin sensitivity measured by a clamp in 157 subjects showed similar associations with these parameters (Figures 2C and 2D) .
Independent Relationships of Fat Compartments with Insulin Sensitivity
As insulin sensitivity correlated with several body fat compartments, we further investigated whether these relationships were independent of each other and tested the contribution of these parameters to the overall variability in insulin sensitivity. Insulin sensitivity was not measured by a clamp in subjects who refused to undergo this procedure. Because insulin sensitivity estimated from the OGTT is strongly correlated with insulin sensitivity measured by a clamp and because in our hands both measurements are good estimates of whole body insulin sensitivity, we performed these analyses in all subjects who had measurements of insulin sensitivity by the OGTT. In multivariate linear regression models ( Table 2) , age, gender, and total body fat explained merely 17% of the variability in insulin sensitivity (model 2). Additional inclusion of visceral fat and intramyocellular fat of the tibialis anterior muscle increased the r 2 of the model to 0.30 (model 3) and 0.33 (model 4), respectively. Finally, inclusion of liver fat increased the r 2 to 0.40 (model 5), explaining an additional 7% of the variability in insulin sensitivity. In the same model the contributions of total body fat, visceral fat, and intramyocellular fat were 2, 4, and 2%, respectively. Subcutaneous abdominal fat was not a significant determinant of insulin sensitivity in this model.
Discussion
Obesity plays an important role in the pathogenesis of insulin resistance and type 2 diabetes. It becomes evident that the amount of total body fat, as well as its distribution in different body compartments, is an important factor in the development of the disease. Particularly high visceral fat and liver fat were found to be strongly associated with insulin resistance. 6, 12 Furthermore, it is well accepted that visceral fat is a determinant of liver fat. 23, 24 It was hypothesized that an increased delivery of free fatty acids to the liver via the portal vein causes an increase in hepatic lipids. Whether visceral adipose tissue is an independent predictor of insulin sensitivity or exerts its effects on glucose metabolism only through increased liver fat is under investigation. We have shown that liver fat and visceral fat are associated with insulin sensitivity independently from each other. 11 The present study addressed the following question: which fat depots and ectopic fat in liver and skeletal muscle are among the strongest determinants of insulin sensitivity? A cohort of people with an increased risk of type 2 diabetes was studied. In univariate analyses, insulin sensitivity estimated from the OGTT and measured by a clamp correlated negatively with body fat compartments such as total body fat, visceral fat, and subcutaneous abdominal fat, as well as with ectopic fat in liver and muscle. To investigate which of the fat compartments were among the strongest determinants of insulin sensitivity, we used multivariate linear regression models. Visceral fat contributed significantly to the variability in insulin sensitivity after additional adjustment for total body fat and intramyocellular fat that were determinants of insulin sensitivity. Additional inclusion of liver fat into the model that was significantly correlated with low insulin sensitivity largely enhanced the predictive value.
Our findings first confirm the majority of data in the literature that particularly excess of visceral fat in contrast to excess of subcutaneous fat may decrease insulin sensitivity most probably via increased lipolysis and inflammation. 25 In addition, we provide new data that ectopic fat accumulation in the liver over and above the other fat compartments has the strongest effect on the induction of insulin resistance. This suggests that fat accumulation in the liver, independent of the other fat compartments, is directly involved in the induction of insulin resistance. This hypothesis is supported by data showing that fat in the liver induces the production of fetuin-A, which impairs insulin signaling in insulinsensitive tissues. 18 In conclusion, while visceral fat, intramyocellular fat in skeletal muscle, and liver fat are all related strongly and independently to insulin sensitivity, liver fat appears to play a predominant role in the determination of insulin sensitivity. 
